Introduction
Germanium has attracted much attention as a channel material due to its higher and more symmetric carrier mobility. Germanium-based MOSFETs emerge as one of the promising candidates for future nano-scaled devices. However, the shallow source/drain junctions are difficult to achieve due to the low dopant solubility in Ge [1] and the fast dopant diffusion during impurity activation [2] .Furthermore, with MOSFET further scaling down, Schottky barrier Source/Drain structure has been proposed to overcome the scaling limit of conventional MOSFETs [3, 4] , which is especially important for Ge-based devices. One of the most important issues in Schottky S/D MOSFET is the realization of low Schottky barrier height (SBH), ideally zero or minus effective barrier [5] for inversion carriers. In this paper, we demonstrate the modulation of SBH of NiGe/(111)n-Ge by Pre-Ion Implantation (PII) before germanidation, which is compatible with conventional CMOS process. Besides, the impact of ion implantation on the characteristics of nickel germanide films is also firstly investigated.
Experiments
N-type (111) Ge wafers (ρ:0.2~0.4 Ω·cm) were used in this study. Two different groups of samples were prepared. For the PII-samples, BF 2 was implanted with 33KeV at a dose of 5e15 cm -2 into Ge substrates before Ni deposition. Then 30 nm Ni was deposited on the cleaned Ge wafers for all the samples. Germanides were formed by rapid thermal annealing (RTA) in N 2 ambient for 60s. The phase and surface morphology of the germanide films were characterized by X-ray diffraction (XRD) and scanning electron microscopy measurements. Four-point probe was employed to measure the sheet resistance of the germanide films.
To study the characteristics of Ni-germanide/n-Ge diodes, 250nm SiO 2 was deposited on the cleaned Ge wafers by plasma enhanced chemical vapor deposition. Standard lithographic process and reactive ion etching were used to open the windows of SiO 2 . Then Ni-germanide/Ge Schottky diodes were formed by the same process as described above. The unreacted nickel was selectively etched in diluted HCl solution. The current-voltage (I-V) characteristics were measured by using a HP-4156 semiconductor parameter analyzer. to the phase transformation. The phase identification and crystalline structure of germanide films were carried out using X-ray diffraction (XRD). Fig. 2 [6] . The results suggest that only low-resistivity NiGe phase is formed at 400 o C and above. From Fig.1 , R □ of the PII-samples annealed at 400 o C is much smaller than that without BF 2 implantation. Fig. 3 compares the XRD spectra of Ni germanides with/without BF 2 implantation annealed at 350 o C and 400 o C. From Fig.3 , the intensity of diffraction peak of the PII-samples is much stronger. And PII-samples show better (111)-preferred orientation parallel to the substrate. The results reveal that ion implantation of BF 2 before germanidation is favorable for the formation of low-resistivity monogermanide phase (NiGe) at relatively lower temperature. It is known that agglomeration is more prone to take place in germanides and will deteriorate the device performance. It becomes more serious with the temperature increasing. For the PII-samples, the lower formation temperature is beneficial for device fabrication.
Results and discussion
We found that the surface roughness of germanides increases apparently for the implanted Ge substrates. However, the post-annealing process after BF 2 implantation which removes the damage from the implantation can greatly improve the surface morphology, just as shown in Fig.4 . The electrical characterization was performed on Ni-germanide/(111)n-Ge Schottky diodes. Fig. 5 shows the I-V characteristics of NiGe/(111) n-Ge Schottky diodes with BF 2 -implantation measured at room temperature.The diodes exhibit highly linear I~V characteristics on a logarithmic plot, with ideality factor of 1.15.
The forward bias current-voltage characteristics due to thermionic emission of Schottky diode with the series resistance can be expressed as:
where A is the diode area, A* is the effective Richardson constant (~67 Acm -2 K -2 for n-type Ge), T is the temperature in Kelvin, k is Boltzmann's constant, Φb is the barrier height, Rs is the series resistance, and n is the ideality factor. We adopt the method developed by Cheung et al. [7] to determine the diode parameters such as Φ b , n and R s . Fig.6 demonstrates the extracted Φ b of NiGe/n-Ge Schottky diodes formed at different germanidation temperature and the modulation of SBH. It is clear that SBH values of NiGe/(111)n-Ge were successfully modulated by BF 2 implantation, which is raised by 0.06~0.15eV from the unimplanted samples. For the PII-samples, the barrier height for electron is about 0.61~0.64eV. That is, Φ bp of about 0.02~0.05eV is obtained for Ge-based devices, which is favorable for Schottky S/D Ge pMOSFET.
Conclusions
In this paper, the modulation of SBH of NiGe/(111)n-Ge is successfully demonstrated by Pre-Ion-Implantaion (PII) before germanidation. The barrier height is increased by 0.06~0.15eV. Besides, the impact of ion implantation on nickel germanides is also investigated. The results show the pre-ion implantation is favorable for the formation of low resistivity NiGe at relatively lower temperature. The damage to surface morphology induced from implantation can be removed by post-annealing process after implantation.
